Introduction
High-power laser diodes deliver energy to all kinds of high-performance laser systems. Broadarea (BA) lasers (either as single emitters or in bars) are in widespread application, in part because of their ease of fabrication. In recent years, their output power has been driven to higher and higher values by steadily increasing efficiency. In principle, the maximum achievable power is limited by the damage threshold of the semiconductor crystal (catastrophic optical damage (COD)), either within the laser cavity or at the facets. However, different measures, such as reduction of power density by broadening the optical waveguide [1] , improvement of crystal quality [2, 3] and special facet treatments [4] have significantly extended the COD power. Thus, increasingly, intrinsic physical effects limit the achievable power.
Under continuous-wave (CW) operation, the optical active region heats up because part of the electrical energy supplied is not converted into photons. Typically, this part amounts to more than 50% when the laser is driven far above threshold. The non-vanishing thermal resistance (of the order of several Kelvins per watt between the active region and the heatsink) leads to a temperature increase of up to 100 K and a consequent rollover of the power-current characteristics. The rollover can be described in a simple manner by assigning appropriate temperature dependencies to threshold current and slope efficiency, typically as exponential laws with characteristic temperatures T 0 and T 1 [5] . However, the maximum achievable power predicted from this model is significantly higher than the measured power, indicating that additional effects are occurring in the structure to limit the power [6] . By measuring the spectra of the spontaneous emission from the front facet at a large angle versus injection current, hetero-barrier carrier leakage was found to act as a limiting factor [6] , as proposed in [7] earlier.
Under operation with nanosecond current pulses, self-heating can be excluded and much higher output can be reached. However, even under these operating conditions, the output power saturates, which has been attributed again to carrier leakage [8, 9] . Additionally, in [10] , it was suggested that finite intra-band relaxation times also contribute to the power saturation. The associated effects, such as spectral holeburning (SHB) and carrier heating [11] , can be phenomenologically described by a so-called gain compression factor. Its impact on the damping of the relaxation oscillations, for example, is well known [12] .
Another effect, which is known to affect the behaviour of lasers, is spatial holeburning, in particular longitudinal spatial holeburning (LSH). For example, in λ/4-shifted distributed feedback lasers, LSH deteriorates the stability of the lasing mode [13] . In long (L 1 mm) high-power lasers, the carrier density is reduced by LSH near the anti-reflection-coated front facet and is enhanced near the high-reflection-coated rear facet, as revealed by spatially resolved spontaneous emission measurements [14, 15] . In [14] , it was shown by simple computations that there exists an optimum front facet reflectivity for a maximum slope efficiency.
In this paper, we present the results of comprehensive two-dimensional simulations of the maximum achievable power in BA lasers. The simulations accurately describe transverse carrier transport, heat flow and waveguiding, and simultaneously account for hetero-barrier leakage, LSH and SHB effects. Lateral effects such as current spreading, filamentation and thermal lensing as well as spectral effects are considered to be of less importance for the total output power and are ignored.
The paper is organized as follows. In section 2, we describe the numerical model. Details of the devices under study are given in section 3. In section 4, we present the results of a detailed 3 comparison between simulation and measurement of devices measured under CW and pulsed operation, which is used to infer the importance of the physical effects.
The model
The simulations are based on the 'Treat Power as a Parameter' (TPP) method, as explained in [16, 17] . In Fabry-Perot lasers, the forward and backward propagating optical power P + and P − are solutions of the equations
subject to the boundary conditions
where P = P + + P − is the total power and P s is a saturation power that phenomenologically describes gain compression caused by SHB, carrier heating and other effects. We should mention that in a more correct treatment, gain compression effects have to be directly included in the local gain g, which enters the waveguide equation (3) and the rate of stimulated recombination (9) below.
The modal gain g m is twice the imaginary part of the propagation constant β, which is obtained as a solution of the optical waveguide equation
for the fundamental transverse mode, where
is the complex dielectric function,n is the refractive index, g is the local gain and α is the local absorption coefficient. The electron and hole densities n and p, as well as the temperature distribution T , are solutions of the transverse drift-diffusion equations that are solved by the tool WIAS-TeSCA [18] . These equations consist of the Poisson equation for the electrostatic potential,
the continuity equations for the electron and hole current densities
and the heat flow equation for temperature Detailed expression for electron and hole current densities j n and j p , respectively, and the heat source H can be found in [19] . The rate of stimulated recombination is given by
withn mod = Real(β)λ/2π . As a result of the solution of the transverse equations, g m is obtained as a function of the bias U and the local power P and stored in a look-up table. LSH is included automatically via the power dependence of g m in equation (1) . If g m is evaluated at the average power in the cavity and if P s → ∞, the usual model neglecting LSH and SHB is recovered.
The equations are supplemented by proper boundary conditions [19] . We present here only the boundary condition for the heat flow equation
where ν = ±1 is the normal unit vector, κ L is the thermal conductivity of the lattice and T s = 300 K is the heatsink temperature. The heat transfer coefficient h models the heat flow to the exterior region and is chosen as follows. For CW operation, at the boundary opposite to the heatsink, h = 0 holds, and at the boundary adjacent to the heatsink, h is fitted to the experimentally determined temperature rise in the active region. The active-region temperature is determined by measuring the shift of the emission wavelength λ versus injection current as shown in ( figure 1(a) ) and calculating the temperature rise from T = λ/(dλ/dT ), with dλ/dT = 0.47 nm/K @ λ = 1.07 µm. The result is shown in ( figure 1(b) ) as a red curve. The simulated temperature rise (green curve) was obtained with a heat transfer coefficient of h = 77 WK −1 cm −2 and correlates well with the experiment that is used in the following computations. For pulsed operation, h is set to a very large number at all boundaries, which ensures that T = T s holds everywhere.
Most of the parameters entering the simulation are standard values found in the literature [20] - [25] . In what follows, we give the dependency of some parameters on carrier densities and temperature. In all equations, T 0 = 300 K is a reference temperature, and n 0 and p 0 are the equilibrium carrier densities.
The optical gain is modelled by the function
where E c and E v are the conduction and valence band-edge energies, respectively, and F n and F p are the electron and hole quasi-Fermi energies, respectively. The prefactor g 0 = 4000 cm
is obtained from a microscopic gain calculation [26] and validated by cavity-length-dependent measurements of the threshold current. Figure 2 (a) shows a comparison between the model gain and the peak gain from the microscopic gain calculation for different temperatures, confirming that our approach is reasonable. The dependence of the electron and hole quasi-Fermi energies on the carrier densities is given by the inverse Fermi integral of degree 1/2, i.e.
The band-edge density of states N c and N v for the active quantum wells (QWs) are chosen such that F n (n) and F p ( p) obtained from the microscopic band structure calculation are correctly approximated by equation (12) (cf figure 2(b) ). The free carrier absorption is given by
with f cn = 4 × 10 −18 cm 2 , f cp = 12 × 10 −18 cm 2 , γ cn = 1 and γ cp = 2. The inverse mobilities share the same temperature dependence. The refractive index and energy gaps are assumed independent of carrier densities and temperature. The rate of recombination R consists of (i) the Shockley-Read-Hall-type recombination with lifetimes τ n = τ p = 3 ns, (ii) the radiative recombination
with B = 10 −10 cm 3 s −1 and γ B = 1 as well as (iii) Auger recombination
with C n = C p = 2 × 10 −30 cm 6 s −1 and E n a = E p a = 0.1 eV.
Device parameters
A laser structure emitting around 1070 nm was chosen to use as a worked example to illustrate the effects limiting peak power. The layer sequence, thicknesses and ionized doping densities of the structure under study are compiled in table 1. The epitaxial layer structure was grown on an n-GaAs substrate. The GaAs barriers between the four QWs are 50 nm thick in order to facilitate the growth of the highly compressively strained QWs [3, 27] . The 1500 nm-thick graded index (GRIN) layer between a p-confinement layer and a p-cladding layer is designed to reduce the electron leakage current. The emission wavelength can be seen from figure 1(a) . The contact stripe width is W = 100 µm and the facet reflectivities are R 0 = 0.01 and R L = 0.95. For CW operation, the laser diode was mounted p-down on a conductively cooled package with CuW as submount. Figure 3 shows the measured and simulated CW power-current characteristics of lasers with two different cavity lengths L. Experimentally, maximum output powers of P = 13 W for L = 4 mm and P = 14 W for L = 8 mm were achieved limited by thermal rollover. The experimental data were reproduced theoretically in a two-stage process-with and without LSH. The reason for the rollover of the characteristics occurring already without LSH can be seen from figure 4, which contains movies (available from stacks.iop.org/NJP/12/085007/mmedia) showing the dependence of the transverse profiles of band-edge energies, quasi-Fermi energies and carrier densities on the bias from threshold up to an output power of approximately P = 15 W. At threshold, in the vicinity of the active region, the band-edge and Fermi energies are almost flat. The presence of the GRIN, approximated by four layers here, is also clearly visible. With increasing power, the reduction of the gain caused by the temperature rise must be compensated for by a corresponding increase in the carrier densities in the QWs, which leads as a consequence also to an increase in the carrier densities in the confinement layers. Another effect that can be observed is the bending of the quasi-Fermi energy of the holes and, as a consequence, the bending of the band-edge energies due to the voltage drop in the p-doped layers. This leads to a corresponding linear increase in the electron density with increasing distance from the QWs. The increased carrier densities in the QWs and in the bulk layers give rise to increased non-stimulated recombination and free-carrier absorption.
Results
However, as figure 3 reveals, good agreement between measurement and simulation is achieved only if LSH is also included. Figure 5 shows the profiles of the total power P and figure 5 and the front facet at z = 0. LSH leads to a strong reduction in the gain in the vicinity of the front facet, which is compensated for by a corresponding rise in the gain at the rear facet. This results in a flatter power profile (blue curves) and hence in lower output power from the front facet. If LSH is neglected, the gain is constant along the cavity, which leads to an almost exponential growth of the power towards the front facet (green curves).
Under operation with short current pulses (300 ns pulse width), self-heating can almost be neglected and much higher power levels can be reached. Figure 6 shows the measured and simulated pulsed power-current characteristics of a laser with a cavity length L = 4 mm. Experimentally, a maximum output power of P = 90 W was obtained at a current of I = 240 A, limited by the current source. This output power is smaller than can be expected from a simple extrapolation using the slope efficiency S = 0.9 W A −1 , as determined at lower power levels. The reason for the decrease in the slope efficiency, which occurs already without including LSH and SHB, can be seen from figure 7, which contains movies (available from stacks.iop.org/NJP/12/085007/mmedia) showing the dependence of the transverse profiles of band-edge energies, quasi-Fermi energies and carrier densities on the bias from threshold up to an output power of approximately P = 100 W. The voltage drop in both the n-and p-doped layers at high current manifests in a bending of the quasi-Fermi energies of electrons and holes, respectively, and as a consequence to a bending of the corresponding band-edge energies. This causes a linear rise in the electron density in the p-confinement layer and even in the GRIN and a weaker rise in the hole density in the n-confinement layer with increasing distance from the QWs.
The strong reduction of the slope observed experimentally can only be reproduced if in addition to LSH gain compression due to SHB, carrier heating and other effects are accounted for (see equation (1)). 
assuming d = 0.028 µm, W = 100 µm, = 0.02, λ = 1 µm, and n g = 3.6, which is at the lower limit of the values given in [11] .
Summary
BA laser diodes emitting at a wavelength near 1065 nm were investigated experimentally and theoretically. Devices with a cavity length of 4 mm delivered a power of 13 W at a current of 20 A under CW operation limited by thermal rollover and a power of 90 W at a current of 240 A under pulsed operation limited by the current source. A doubling of the cavity length to 8 mm led only to a small CW power increase to 14 W. The experimental findings could be reproduced by simulations using a drift-diffusion-based numerical model, thus making it possible to infer the different physical factors that limit the output power. One factor is the increase in the carrier densities in the active QWs and, as a consequence, in the bulk layers due to self-heating in the case of CW operation and SHB, carrier heating and other effects in the case of pulsed operation. Another factor is the bending of band edges of the bulk layers due to the voltage drop at large bias, caused by the finite electrical conductivity. This leads to a further increase in the carrier densities in the bulk layers. Any increase in carrier densities is connected inevitably with an increase in non-stimulated recombination and free-carrier absorption. This bends the power-current characteristics down. The third important factor is LSH, which deteriorates the power profile along the cavity axis.
